it. Costs are only established for improvements and expressed as a percentage increase against a base figure that is undisclosed.
Introduction Background
Approximately 45% of the UK total carbon emissions are a result of energy consumption in buildings [1] . Building Regulations are getting progressively more demanding and in 2008 the Climate Change Act sets the UK government target at 34% and 80% reductions in carbon emissions by 2020 and 2050 respectively based on 1990 levels [2] . The 24 million UK dwellings accounts for approximately 27% of the total carbon emissions [3] due to space heating for the provision of internal comfort conditions. It has been estimated that 70% of the UK housing stock will still be in use by 2050, and thus, there is a need for mass refurbishment to help achieve the UK government target by 2050, due to the fact that the majority of the existing stock of dwellings has been built with low energy performance [4] . In addition, all new homes in England will have to be net zero carbon by 2016. This has prompted further changes to UK Building Regulations between 2010 and 2016 calling for a 25% reduction in carbon emissions by 2010 and a further 44% reduction by 2013, leading to net zero carbon by 2016.
Building envelope
Turner and Townsend [5] have studied three different buildings and identified potential improvement strategies to reduce carbon emissions. They have found that a 20% reduction in carbon emissions can be achieved for these buildings without raising the capital cost by more than 5%. The benchmark dwellings used in the Turner and Townsend report [5] have been adopted by others for use in further research [6, 7] . This study will follow the same method and the benchmark dwelling derived from a study carried out by the Zero Carbon Hub [8] will be utilised. Zero Carbon Hub [8] has informed the strategy adopted by the UK government for stage implementation of higher building standards through Building Regulations and has established four levels of specification for improvements to building fabrics and the attendant costs. The four specification levels alter the standards required for the thermal elements, the air tightness, thermal bridging and ventilation with each level being more demanding than the one which precedes A recent study carried out by Energy Saving Trust [9] has focused solely on fabric improvements in the same way as this study will do; it sets out improvement measures that can be applied to masonry, timber frame and steel frame construction to improve the overall thermal transmittance, U-values. They have found that through its improvement measures an average of 25% reduction over the target emission rate for the dwelling can be made. However, they have not provided the costs for floor, roof and window improvement measures, and this information is critical for homeowners, and can be the deciding factors in the decision to embark on home improvements.
Communities and Local Government [10] have analysed the potential costs of achieving all levels of the code for sustainable homes. They have investigated many ways of reducing carbon emission rather than just looking at the building fabric. Langdon [6, 7] have explored many types of low and zero carbon technologies along with varying levels of building fabric upgrades to reduce carbon emissions of seven different building types. All improvement scenarios used to achieve increasing levels of carbon reductions always include improvements to the building fabric first confirming the importance of building fabric on energy performance. Their study used the dwelling base model as presented by Turner and Townsend [5] to assess the improvement measures. However, they did not include the costs of these proposed alterations to the construction methods. By concentrating on improving the fabric of existing domestic buildings the need for space heating and the level of carbon emissions can be significantly reduced and this is crucial to UK government's carbon reduction target. None of the above mentioned studies have investigated the use of alternative modern methods of construction to enhance energy efficiency. The Zero Carbon Hub [8] and Turner and Townsend [5] have acknowledged that other forms of construction could have the ability to meet their improved specification targets. It is reported that housing developers are reluctant to deviate from the standard construction design and that there is a lack of information about costs of sustainable construction [11] . It is also noted that higher standards for building fabric to produce a more sustainable building are not specified due to the perceived high costs involved [12] .
Solid wall terraced housing
The above ambitious targets set by the Climate Change Act would be difficult to achieve without reducing carbon emissions from the existing dwellings. However, improving energy efficiency of existing solid wall dwelling would be particularly challenging because of their higher fabric heat losses and low energy performance.
The pre-1920's solid wall houses are seen as the greatest consumers of energy and greatest emitters of carbon emissions, and consequently, if appropriately addressed, have the greatest potential to improve the carbon footprint of the housing stock; these houses are most difficult properties to bring up to modern energy performance standards [13] .
Objectives of the study
This paper will investigate whether the method of house construction in use today is the best method to continue into the future with towards higher energy performance targets. The study will examine alternative methods of construction and they will be compared to standard construction methods. Their impact on energy performance and costs as applied to a four bedroom two storey detached dwellings will be assessed. This study will attempt to discover the limits of fabric energy efficiency and will help establish a framework for assessing the financial implications associated with reducing carbon emissions resulting from the building fabric. Additionally, this paper will address the challenges of improving the energy efficiency of existing UK solid-wall dwellings.
Methodology
The energy efficiency of the dwelling will be assessed using the UK Government's Standard Assessment Procedure (SAP), while the costs will be estimated from data published by the Building Cost Information Services applied to Leicester UK area in 2011. These tools will be applied to a typical four bedroom detached house with six different construction methods of the envelope (three standard methods; three alternative methods. Additionally, these tools will be applied to a typical solid-wall terraced house with a new single storey extension.
Modelling tools
The procedure used for the calculation is based on the BRE Domestic Energy Model, BREDEM, [14, 15] , which provides a framework for the calculation of energy use in dwellings. The model calculates the monthly energy consumption in dwellings, including estimates for space heating, water heating, cooking and lights and appliances. The dwelling is divided into two zones. Zone 1 is the living area which may be one or more rooms. This area is heated to a higher temperature than the rest of the house which is zone 2. The model considers the physical characteristics of the dwelling and the lifestyle of the occupants to produce realistic estimates of domestic energy use and running costs.
The input data required to perform a BREDEM calculation are summarised in Table 1 . BREDEM uses a mixture of analytical and empirical techniques. The energy consumption is based on an integrated form for the heat transfer equation and its surroundings. The overall energy balance is shown in Figure 1 [15] .
The model can be used for ensuring the most appropriate measures are selected when upgrading existing dwellings and calculating their energy ratings. The model underpins the UK Government's Standard Assessment Procedure for energy rating of dwellings (SAP) which is used for checking compliance with Building Regulations Part L. The procedure is consistent with the standard BS EN ISO 13790 [16] . The SAP ratings were calculated using the National Energy Home Rating software (NHER). This commercial software was chosen because it is one of the UK Government authorise software for assessing the energy efficiency of dwellings, and available from the National Energy Services, UK. The results for the Target and Dwelling Emission Rates (TER and DER) are given from the output of the SAP methodology, which is the national calculation methodology which is recognised as
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Costs of construction methods
When comparing costs of construction methods there are fluctuations in price associated with labour and equipment costs for each construction method, these fluctuations stem from issues such as faster build time for alternative/modern methods of construction resulting in lower labour costs and hire charges, these costs are considered by the National Audit Office [17] . They have highlighted areas where modern methods of construction can create increased costs that would not normally be encountered when using traditional methods such as loss of the factory production slot, suppliers failing to deliver the correct components or damage to critical prefabricated components. The cost of this study will be based on material costs alone similar to a study carried out by Wang et al. [18] , who used material costs alone to calculate the difference in price of insulated exterior walls. They have recognised that workmanship, equipment and vehicle costs will contribute to for example, a wall constructed with larger blocks. However they have suggested that increased costs will be balanced with factors that reduce costs such as ease of building. This study followed a similar assumption in that it was recognised that by using alternative methods of construction savings can be made on labour by reduced time on site and less need for skilled labour such as brick layers; however the alternative methods come with alternative costs such as bracing hire for Insulated Concrete Formwork construction and prolonged need for a crane when using Structural Insulated Panels. It is also noted that these alternative methods are often finished with a brickwork outer skin in order to resemble traditional construction methods and therefore the need for skilled labour is not altogether eliminated. There are many contributing factors that can affect the price of construction work and so for this study only material costs will be considered as they are constant and measurable. The costs were estimated from data published by Building Cost Information Services applied to Leicester UK area in 2011.
The base property The simulation model used in this study represents a two storey four bedroom detached house with a gross internal floor area of 116 m 2 located in Leicester, East Midland of England. Figure 2 shows the plans and elevations. This base case property was taken from Zero Carbon Hub [8] . The base property represents the standard construction methods employed by builders to achieve compliance with the 2006 Part L Building Regulations. 
The case study
Standard construction methods
Standard improvement 2:
The second set of improvements to the standard construction methods will be to substitute the type of insulation in each thermal element with a lower thermal conductivity 
Standard improvement 1:
The first set of improvements will simply be to add more insulation to the standard construction method as shown in Figure 6 and Table 3 . The improvement measures have been chosen based on the maximum amount of insulation that has been applied to the construction in practice. The extra costs resulting from such improvement measures are also shown in Table 3 . Built Passive Houses [19] has a similar construction to standard improvement 1 and air tightness of 7 m 3 /hr/m 2 was assumed.
Three standard construction methods and three alternative construction methods were explored and applied to the base property to investigate their impacts on energy performance and costs. These proposed methods are summarised and described below.
To address the challenges of improving the energy efficiency of solid-wall dwellings, an existing terraced house with a new single story extension was selected in this study. Figures 4a and 4b show photos of the dwelling and Figure 5 shows the proposed plans and elevation.
The application of internal and external insulation systems will be applied to the dwelling and their implication on thermal performance together with the associated costs will be assessed.
All improvement measures include the use of high performance and low emissivity triple glazed windows in place of the standard double glazed windows of the base property. The new U-values of windows and doors were 0.8 W/m 2 K and 1.0 W/m 2 K respectively. The costs of the new windows were £4636. Costs were taken from Zero Carbon Hub [8] . The values of air tightness for all scenarios were assumed based on case studies and manufacturers' technical data for each building construction type. giving the overall construction a better (lower) U-value. These are presented in Figure 7 and Table 4 . The constructions for the walls, roof and floor have not changed in design and therefore it could be argued that no change to air tightness will have happened.
If the floor insulation was increased to its maximum of 100mm, the floor U-value would reduce to 0.155W/m 2 K and this would reduce carbon emissions by 15kg/yr for the extra over the costs from the base property of £6932. This is defined as standard improvement 2.1 method.
Standard improvement 3:
The final set of improvements to the standard construction methods will be a mixture of the first two improvement methods with the use of 'Xtratherm' which is wall insulation system introduced to the market in October 2010, and works within a traditional 100mm cavity using traditional foundations, building skills and materials to achieve U-values of 0.16 W/m 2 K. This new product is a full fill cavity insulation comprising polisocyanurate insulation bonded to high impact polystyrene insulation. This combination has the benefit of a better thermal conductivity with the ability to be installed to fully fill the cavity, unlike other high performance polyisocyanurate products which are only available as a partial cavity fill. The construction details and extra over the costs from the base property are shown in Figure 8 and Table 5 . Table 2 Costs Extra over costs from base property 6799 Similar to standard improvement 2 the constructions for the walls, roof and floor have not changed in design however the windows compared with the base property are high performance windows and the air leakage through these windows will be reduced over those of the base house. The assumed air tightness for this construction therefore will be 7 m 3 /hr/m 2 .
Alternative construction methods
Structural insulated panels: Structural Insulated Panels, SIP, consist of a rigid foam insulation core typically sandwiched between two layers of oriented strand board this construction provides a load bearing alternative to masonry and was first introduced in North America in 1952. Despite its historical use in America it is still seen as a fairly new construction type in Europe and it is often categorised under the heading of modern methods of construction. The construction details of alternative method 1 together with extra over the costs from the base property are shown in Figure 9 and Table 6 . The extra over the costs from the base property would be £15753. Alternative method 1.2 follows the construction of alternative method 1 but has an additional insulated plasterboard finish of 72.5mm to improve thermal performance.
Insulated concrete formwork
Insulated concrete formwork, ICF, is a wall system that consists of either hollow polystyrene blocks or alternatively polystyrene planks which are tied together using specially made clips, both systems are assembled on site and then filled with concrete to create a thermally insulated structural wall. The polystyrene creates the formwork for the concrete and is typically extruded polystyrene as this has a lower conductivity than expanded polystyrene; it also withstands the pressure from the concrete better. Figure 10 and Table 7 shows the build up for the wall and extra costs involved.
ICF case studies have shown that this construction can achieve very low air permeability rates and the ICF manufacturer claimed an air tightness of 2. could be used as shown in Figure 10 which would reduce the U value of the wall to 0.065 W/m2K. The extra over costs for the alternative method 2.1 from the base property would be £15302.
Thin joint blockwork
Thin joint block work combines standard 'aircrete' building blocks with a thin joint of cement based adhesive which is fast to set and cuts the standard mortar joint of 10 mm down to just 3 mm. Due to the fast setting time of the thin joint adhesive the external walls of a building can be erected faster, the thermal performance of the wall is increased because thermal bridges created by mortar joints are reduced and the system of blockwork is familiar to tradesmen so no further training is required. The system can be used in any standard block work application; this study will look at the solid external wall construction. Figure 11 shows the build up of the external wall with insulation applied externally and a render finish. For this construction method the thin joint blockwork walls have been combined with a floating floor comprising 150 mm polystyrene insulation over the concrete slab finished with an 18 mm tongue and grooved chipboard as shown in Figure 11 . Table 8 shows the construction details of the alternative method 3 together with extra cost involved. For the purpose of the SAP calculation an air tightness of 4 m3/hr/m 2 was assumed as recorded in other case studies.
Existing terraced dwelling with a new single storey extension
The physical characteristics of this solid-wall dwelling ( Figure  5) were entered into the NHER software to produce SAP ratings and details of carbon emissions. The results for different scenarios are summarised in Table 9 . The specification and costs of the proposed insulation systems are shown in Table 10 . Table 9 shows that the overall thermal performance of the dwelling is not notably improved if the existing dwelling is not refurbished and the impact of the new extension on the reduction of carbon emissions per m 2 would be only 5.2%, but the overall carbon emissions of the dwelling were increased by 8.6%. Although the extra costs of the new extension would be approximately £11778, but it seems that the building control would only be concerned with new extension in terms of its thermal performance and little attention made to the main part of the dwelling. Table 9 shows that by reducing the U-value of the existing external walls and roof to 0.35 W/m 2 K and 0.2 W/m 2 K respectively the percentage reduction in carbon emissions would be 21.7%. Such reduction could be achieved with extra costs of £1026 (4.7% over the extension cost) for the case of an internal wall insulation system, or £1211 (5.5%) if external wall insulation system was applied (Table 10 ).
These results show that any attempt to construct a new extension to an existing solid-wall dwelling needs to consider refurbishing the existing part to enhance the overall energy efficiency. These results, as applied to construction of a new extension, suggest that a 21.7% reduction in carbon emissions can be achieved with approximately 4.7% to 5.5% increase in refurbishment costs. The external wall insulation could be applied if the dwelling was not in a conservation area and the existing external finish was poor. 
The impact of building envelope types on thermal performance and costs
All base property details ( Figure 2 and Table 2 ) such as orientation, window sizes, heating specification, element U-Values etc were entered into the NHER software to produce SAP ratings and details of carbon emissions for the base property. The results are summarised in Table 11 .
All the proposed construction methods described above were applied to the base property, and the details of each scenario such as orientation, window sizes, heating specification, element U-Values etc were entered into the NHER software to produce SAP ratings and dwelling emission rates, DER, in kg of CO 2 /m 2 of floor area per year. Figure 12 shows the dwelling emission rate, DER, for the base property and for all the construction methods tested. It can be seen that only standard improvement 1 has reached the target emission rate for compliance with Building Regulation Part L 2010 and that none of the constructions would be able to reach the target for 2013 which will be a 44% reduction relative to Part Figure 13 shows the extra costs from the base property for all the proposed construction methods. SIP and ICF construction methods are the most expensive, costing as much as an extra £18558 whereas the other standard methods cost no more than an extra £7772. This combination of extra cost for SIP construction together with its highest DER value would make such construction method difficult to justify simply in economic terms. Table 12 shows the percentage of reduction in CO 2 emissions over This is equivalent to an extra cost of £13.7 for each kg of CO 2 emissions reduction. Table 12 shows that alternative methods could reduce carbon emissions by only 20.5% for an extra cost of 18.4% over the base property. This is equivalent to an extra cost of £31.5 for each kg of CO 2 emission reduction. These results disagree with the findings by Turner and Townsend [5] who suggested that a 20% reduction in CO 2 emissions can be achieved with up to a 5% increase in capital costs. However, it should be considered that they looked at more than just the fabric of the building and prices have risen significantly since 2007. In addition, Energy Saving Trust [9] found that by improving the fabric of a building alone the carbon emissions could be reduced by 25%. The next stage was to look at the optimum combination of construction methods that could reduce carbon emissions by more than 25%. K. If all of these constructions were combined and an air tightness based on the levels specified for each of the construction methods was assumed then a combined building fabric could be tested in improving energy efficiency in dwellings. Such construction details are shown in Figure 15 and Table 13 . The extra over the costs from the base property was estimated to be £16216.
Specifying a building fabric with the optimal thermal performance
All the details were entered into the NHER software to produce SAP ratings and details of carbon emissions. The results are summarised in Table 14 .
The results for this building fabric has exceeded the TER for Part L 2010 but still fails to meet the UK government target for 2013 which is 12.29 kg CO 2 /m 2 /yr. This shows that using today's technology improvements to the building fabric alone can reduce the CO 2 emissions of the base property by 689 kg/yr (30.1%) and meet compliance criteria in Part L 2010. Such reduction in CO 2 emissions could be achieved for a capital cost increase of 21% over the base property. However, the proposed building fabric would need to be combined with low and zero carbon technologies to fulfil Part L requirements in 2013, and eventually zero carbon target in 2016. Figure 16 compares the cost of each fabric element within each improvement method; windows have not been included as they were the same for all construction methods with an extra cost of £4636. It can be seen from Figure 16 that the most cost effective construction methods would be a combination from the wall details in standard improvement 2 construction methods, together with floor construction details in alternative method 3 and roof details of standard improvement 1 construction method. Such combination details are shown in Table 15 and Figure 17 . The extra over costs from base property was estimated to be £5314.
Specifying the most cost effective building fabric improvements
All the details were entered into the NHER software to produce SAP ratings and details of carbon emissions. The results are summarised in Table 16 .
Such construction method would produce the most cost effective option to reduce carbon emissions by 461 kg/yr (20.2%) for a total extra cost of £5314 over the base property costs. This option has not met the criteria as presented in Part L 2010. However, the price for each kg of Costs Extra over costs from base property £16216 (Table 14) which is more than double the cost.
Conclusion
The impact of six different fabric construction methods on energy performance and costs, for a typical UK four bedroom two storey detached dwelling has been investigated. Also, this paper has considered the importance of improving the thermal performance of an existing UK solid-wall dwelling with a single story extension.
The UK Government's Standard Assessment Procedure (SAP), which is based on the Building Research Establishment Domestic Energy Model, was used to energy rate the dwelling. The capital costs were estimated from data published by the Building Cost Information Services applied to Leicester UK area in 2011. The following conclusions can be drawn from this study:
1. The standard methods of construction could reduce carbon emissions by an average of 22.6% for an extra cost of 9.1% against the base property, while the alternative methods could reduce carbon emissions by an average of 20.5% for capital cost increase of 18.4% over the base property. This suggests that standard methods are continually favoured over other form in the construction of dwellings.
2. The industry has recognised that there is a reluctance to embrace alternative methods and has responded by endeavouring to improve the standard methods of construction. With continuing advances in standard constructions it becomes increasingly unlikely that these methods will lose 'their crown' to alternative methods.
3. Through alterations to the building fabric alone, a reduction of 30.1% in the carbon emissions of the base property can be attained. However, the proposed building fabric would need to be combined with low and zero carbon technologies to fulfil future Part L requirements, and eventually zero carbon target in 2016. 4 . A reduction of 20.2% in the carbon emission of the base property could be achieved for an extra cost of 6.9%. This is equivalent to £11.5 for each kg of CO 2 emissions reduction representing the most cost effective building fabric improvements of the methods tested.
5. Other parameters that affect the choice of construction method would include the build time, construction lifespan, whole project costs, construction dimensions and investment payback period through reduction in running costs. These should be undertaken to discover whether alternative methods could provide any outstanding benefits to influence their use on construction projects.
6. Construction technology is continually advancing and the possibility of prefabricating thermal elements for buildings is extended to more methods. This can now be used for masonry construction and straw bale construction aiding the construction industry on its road to zero carbon. The industry needs to understand the construction processes and physics of the building components. Further investigation should be carried out to determine the implications for the future.
7. This study has investigated three alternative methods. Modular construction and timber frame could be included in future studies to evaluate thermal performance targets. Another route to achieving lower carbon emissions could be through the use of natural methods of construction including straw bale and rammed earth.
8. The solid wall housing stock, in particular with proposed extension being constructed to an existing dwelling, offers a great opportunity to reduce carbon emissions by 21.7% with an increase of refurbishment costs by only 4.7%. These results show that any attempt to construct a new extension to an existing solid-wall dwelling needs to consider refurbishing the existing part to enhance the overall energy efficiency and reducing heating bills. Costs Extra over costs from base property £5314 Cost in £ per kg CO 2 emissions reduction £11. 5   Table 16 : The most cost effective building fabric SAP results.
